X-ray lasers offer new possibilities for creating and probing extreme states of matter. We used intense and short X-ray pulses from the FLASH soft X-ray laser to trigger the explosions of CH4 and CD4 molecules and their clusters. The results show that the explosion dynamics depends on cluster size, and indicate a transition from Coulomb explosion to hydrodynamic expansion in larger clusters. The explosion of CH4 and CD4 clusters shows a strong isotope effect: the heavier deuterons acquire higher kinetic energies than the lighter protons. This may be due to an extended inertial confinement of deuterons vs. protons near a rapidly charging cluster core during exposure. [5, 6] and solid samples [7] [8] [9] . In this paper we follow the X-ray-induced explosion of methane (CH 4 ) and heavy methane (CD 4 ) clusters and compare the results to the explosion of the individual molecules. Clusters are eminently suitable to study size-dependent phenomena in the explosion dynamics, and we employed clusters, containing 1000 to 250000 molecules and corresponding to sizes of 4 -32 nm diameter. Molecular clusters bridge the gap between isolated molecules and bulk condensed material. An understanding of ultrafast explosion dynamics in clusters of various dimensions has relevance to imaging by "diffraction before destruction" [10] , plasma physics, and fusion research [11, 12] .
X-ray lasers offer new possibilities for creating and probing extreme states of matter. We used intense and short X-ray pulses from the FLASH soft X-ray laser to trigger the explosions of CH4 and CD4 molecules and their clusters. The results show that the explosion dynamics depends on cluster size, and indicate a transition from Coulomb explosion to hydrodynamic expansion in larger clusters. The explosion of CH4 and CD4 clusters shows a strong isotope effect: the heavier deuterons acquire higher kinetic energies than the lighter protons. This may be due to an extended inertial confinement of deuterons vs. protons near a rapidly charging cluster core during exposure. Free-electron lasers (FELs) can be used to trigger and monitor ultrafast transitions in targets, ranging from free atoms [1] , to atomic clusters [2] [3] [4] , biological objects [5, 6] and solid samples [7] [8] [9] . In this paper we follow the X-ray-induced explosion of methane (CH 4 ) and heavy methane (CD 4 ) clusters and compare the results to the explosion of the individual molecules. Clusters are eminently suitable to study size-dependent phenomena in the explosion dynamics, and we employed clusters, containing 1000 to 250000 molecules and corresponding to sizes of 4 -32 nm diameter. Molecular clusters bridge the gap between isolated molecules and bulk condensed material. An understanding of ultrafast explosion dynamics in clusters of various dimensions has relevance to imaging by "diffraction before destruction" [10] , plasma physics, and fusion research [11, 12] .
The target response to an intense X-ray pulse depends on the wavelength, the intensity of the field, and the size of the sample. Photoionization liberates electrons, which can escape from small samples, and these positively charged objects undergo a Coulomb explosion. The probability of electrons escaping from a cluster depends on its size [13] [14] [15] . In larger objects, photoelectrons elicit secondary electron cascades and these create additional ionizations. As the overall positive charge of the sample increases during the pulse, photoelectrons will not be able to escape the growing positive potential [13, 16] . Trapped photoelectrons create more cascades and the electrons move inwards to neutralize the core of the cluster, leaving behind a positively charged outer layer, which then peels off [17] [18] [19] [20] [21] . As a result, large samples burn from the outside inwards. The core of such large objects expands hydrodynamically due to the growing electron pressure within [17, 18] . Theoretical studies predict a * Electronic address: nicusor@xray.bmc.uu.se transition from Coulomb explosion to hydrodynamic expansion with increasing sample size [13] .
The study of Coulomb explosion of molecular clusters with intense infrared lasers has shown the advantage of using heteronuclear molecules, such as CH 4 or CD 4 , to analyze the dynamics of the explosion [22, 23] . In a heteronuclear cluster, the light ions can gain additional energy during the explosion by interacting with multiply charged heavy ions (C n+ ). This kinematic effect would be indicative of a Coulomb process, while in a hydrodynamics expansion all the cluster constituents are expected to gain the same energy. We find that the explosion of CH 4 and CD 4 clusters shows an isotope effect detectable for the fastest ions: the heavier deuterons acquire significantly higher kinetic energies than the lighter protons. We surmise that this may be due to an extended inertial confinement of deuterons, as these are staying longer near the highly charged cluster core compared to the protons.
The observations were made at the FLASH freeelectron laser in Hamburg [24] . Molecular clusters of methane (CH 4 ) and fully deuterated methane (CD 4 ) were produced by adiabatically expanding methane gas through a conical nozzle (Fig. 1a) [14] . Different cluster sizes were obtained by varying the gas backing pressure (1.8 bar < p < 18 bar) at a fixed temperature of the nozzle of 160 K. Using the empirical Hagena scaling law [25] , the mean number N of molecules per cluster can be estimated in the range of 1×10 3 to 2.5×10 5 . At fixed pressure and temperature, the size distribution can be described by a log-normal distribution [26] . Deviations from the empirical formula have been reported for CD 4 clusters produced at room temperature [26] . These suggest that the Hagena parameter, while it may overestimate the average cluster size, is useful as a scaling parameter for the cluster formation. Based on the Hagena scaling law, the average cluster sizes correspond to radii between 2.46 nm to 15.5 nm for spherical clusters at liquid methane density.
The clusters were delivered into a vacuum chamber and illuminated by 15 fs soft X-ray pulses at a wavelength of λ=13.5 nm (E ph =92 eV). FLASH was operating at 5 Hz repetition rate, and the pulse energy fluctuated between 20-53 µJ (mean = 43 µJ) as measured with a Gas Monitor Detector (GMD) [27] . The beam line transmission was 64%, and the transmitted beam was focused to a spot size of 20 µm at the interaction point [24, 27] . The intensity of the focused beam on the sample was between 10 13 -10 15 W/cm 2 with the mean value at 5×10 14 W/cm 2 . This corresponds to a transmitted intensity of a pulse with 43 µJ reading on the GMD.
The positively charged ions were detected by ion timeof-flight (TOF) spectrometry (Fig. 1) . The spectra were calibrated by simulating ion trajectories through the TOF, using Simion [28] . The calibration enabled the conversion of flight times to mass-over-charge (m/q) distributions and identification of specific peaks. The ion kinetic energies were determined after background subtraction. Simulations indicate that the effect of the extracting electric field (0.08 V/µm) on the cluster explosion was negligible. The maximum detected kinetic energy for H + and D + ions was obtained from the leading edge of the ion peak with a 95% confidence level in the signal-to-noise ratio (SNR). Subsequent analysis of ion yields and energy distributions were performed for all individual experiments with fixed average cluster sizes, and for all energies of the incident FEL pulse averaged in bins of ±1 µJ around the mean (data from GMD).
A qualitative inspection of the mass spectra in Fig. 1b d reveals a size dependency in the fragmentation of methane clusters. These measurements used pulses with 5×10 14 W/cm 2 intensity. The spectrum for molecular methane (Fig. 1b) had a weak proton signal at m/q=1 and showed peaks of methane fragments (CH + n , 1 ≤ n ≤ 4). There were no higher molecular adducts. Figs. 1c, d show spectra from methane clusters of N =20000 (6.7 nm radius) and N =100000 molecules (11.5 nm radius), respectively. These spectra exhibit additional higher charged adducts and an increased overall ion yield. The proton peaks were significantly higher in the two cluster spectra than in the spectrum of molecular methane.
The formation of protonated methane CH + 5 [29] was a dominant feature in the spectra of methane clusters (Fig. 1c, d ). The CH + 5 ion was only observed in the fragmentation patterns of clusters and its presence is indicative of molecular recombination due to reactions between ions and molecules. The cluster spectra also showed signals for higher adducts (C n H + m , n≥2). The results on these two different cluster sizes show that molecular recombination is influenced by the cluster size. With increasing cluster size, a change in the proportion of the adduct ions took place, together with a strong increase in the H + and C + peaks in the larger of the two clusters. These data provide the first signs that molecular recombination depends on the explosion time of the clusters.
A quantitative analysis of the ion yield in the TOF spectra is shown in Fig. 2. Fig. 2a shows H + yields from methane clusters and D + yields from heavy methane clusters as a function of the gas jet backing pressure at 5×10 14 W/cm 2 pulse intensity. The yields of H + and D + ions grew linearly with increasing pressure and the same behavior was observed for C + ions in both sets of sample. This behavior is to be expected as the total number of methane molecules in the interaction volume increases linearly with the backing pressure [25] . Further analysis of the total H + and D + signal showed that about 75% of the contribution came from ions produced from clusters, and the rest were low energetic ions coming from the ionization of free molecules. The high energetic ions originate from the clusters and their yield showed a similar linear rise with backing pressure. Fig. 2b shows a significant maximum in the yield of CH (Fig. 2a ) as a function of cluster size, and hints to the existence of a decay channel for these adducts in larger clusters. The decrease in the yield of these ions in larger clusters is probably connected to the longer lifetime of big cluster, following illumination (see below). It is conceivable that CH + 5 and C 2 H + n adducts lose protons through collisions, and there are more collisions during expansion of large clusters than of small clusters, which disintegrate faster. In contrast, the proton and deuteron yields show a steady growth (Fig. 2a) , which is in agreement with this proposition. Fig. 3 indicates that electron-ion recombination processes are also influenced by sample size. The measured ionization states of carbon depend on cluster size (Fig. 3b ). Carbon ions with higher charge states (C 4+ ) reach a maximum abundance relative to singly charged C + ions for a cluster of N =20000 molecules. The normalized abundance of the different ionic species is shown in Fig. 3a . In the case of single molecules, the ionization mainly broke bonds in the CH 4 molecule and the total yield was dominated by ions containing a single carbon atom (CH + n ). With increasing cluster size, adducts with higher masses were formed through molecular recombination. A key parameter in the fragmentation of molecular clusters with femtosecond soft X-rays pulses is the lifetime of the charged cluster. This scales with cluster size and influences the production of intermediate adducts, notably protonated methane CH + 5 . Such adducts have been observed in other type of experiments probing the ion-molecule chemistry, for example electron impact ionization on methane clusters [30] and heliumdroplets doped with methane clusters [31] . These experiments used electrons of 20-70 eV to fragment the clusters and have observed a series of protonated and unprotonated cluster ions. These experiments happen on a longer time scale, in contrast to our experiment which is almost instantaneous. In our case, the recombination happened after the ionizing femtosecond laser pulse has left the cluster, during the time the sample transited from liquid density to rarefaction.
Deuterons had systematically higher kinetic energies than protons in all experiments on clusters. The difference was size-dependent (Fig. 4) . Cluster size, the total charge build-up, and Coulomb repulsion are determining factors in the explosions, and influence ion acceleration. 
H
+ and D + ions as a function of cluster size at a pulse intensity of 5×10 14 W/cm 2 . Measured kinetic energies were between 50 to 300 eV, depending on the cluster size. The largest difference between the kinetic energies of protons and deuterons was 150 eV in clusters of 50000 molecules (Fig. 4a) .
Figs. 4b, c, and d show the maximum detected kinetic energy of H + and D + ions as a function of pulse intensity for three fixed cluster sizes (10000, 30000, and 80000 molecules). We exploited the stochastic fluctuations of the FEL to cover a larger range of pulse energies (20-53 µJ). The results show higher ion energies with increasing pulse intensity. The energy of D + ions was systematically higher in all measurements than the energy of protons. Classical Molecular Dynamics simulations [17] show that a mass difference would influence the energy distribution of accelerated ions during the pulse.
+ ions would have a tendency to escape faster (and earlier) from a cluster, while D + ions would stay closer to the charged core as the core rapidly accumulates more charges. With pulses of Gaussian profiles, the rate of charge build-up starts slow and then increases steeply. As a result, D + ions would have an energy distribution that reaches higher energies than the energy distribution of protons, leading to a difference in the maximum detected energies. The energy distribution for C + ions is similar for carbon ions originating from clusters of CH 4 and CD 4 . Fast moving H + and D + ions remove positive charges from the cluster and also cool the system. As a result carbon does not accelerate as much as these lighter ions.
Carbon has a relatively low photo-ionization crosssection (0.65 Mb) at 92 eV incident photon energy. The size range of the clusters investigated here was much smaller than the attenuation length (1 µm) of 92 eV photons in liquid methane. This ensured a uniform ionization of the clusters during the pulse. We simulated the interaction of methane clusters with a FEL pulse using Cretin [32] , a non-local thermodynamic equilibrium plasma (non-LTE) code with radiation transfer and electron thermal conduction. The results gave an electron temperature of 4 eV after thermalization for all cluster sizes, and an average ionization of 0.5 per carbon atom at the end of the pulse (intensity: 5×10 14 W/cm 2 ). Similar electron temperatures were observed in experiments with infrared lasers [12] . Our simulations account for electron impact ionization, which contributes significantly to the overall ionization of the clusters. It also treats electron-ion recombination (which happens within 10 fs) and electron-ion thermalization (which happens within about 100 fs). The simulations showed no significant differences in these processes as a function of sample size at these short time scales. Hydrodynamic expansion is a significantly slower process.
In a hydrodynamic expansion, larger samples are kept together for longer times as the sample burns from the outer layers towards its centre at a steady rate. This rate is 0.01 nm/fs for methane clusters as calculated with Cretin. Thus, the largest methane clusters used here are expected to explode in picoseconds, and this is consistent with the earlier observations on the explosion rates on nano-sized polystyrene spheres [19] . As the cluster size increases, fragment composition would evolve from a state dominated by H + and C + towards a state where intermediate adducts and recombinant products can be observed. Bond formation requires extended interaction times, and this is only possible in larger clusters.
In conclusion, we performed experimental studies on the explosion dynamics of molecular CH 4 and CD 4 clusters in intense soft X-rays fields. We found a new isotope effect that was not observed in earlier infrared studies [22, 23] . The deuterons spend a longer time than protons closer to the charged core and thus can reach higher kinetic energies. This isotope effect may be exploited at higher intensities and lower wavelengths to accelerate light ions to higher energies.
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